INTRODUCTION
The human gastrointestinal tract with its 450 m 2 surface is the largest barrier of the organism towards the environment. It is in permanent contact with food and the intestinal microbiota. A well-balanced system of immune attack and immune tolerance mechanisms in response to these antigens is necessary for the maintenance of gut homeostasis. The disruption of this balance causes either the systemic invasion of microbes or harmful host immune stimulation damaging intestinal tissue. [1] [2] [3] The latter seems to be the case in inflammatory bowel diseases (IBD). Here, macrophages and T cells accumulate in the lamina propria of the intestinal tract, activate each other, destroy the regular architecture of the gut wall, and disturb the intestinal function. Several molecules expressed by macrophages and T cells including interleukin-12 (IL-12), interferon-g, IL-10, and Foxp3 are critical for the intestinal balance between immune attack and tolerance. [4] [5] [6] Our previous studies also suggested a crucial role of CD44 in gastrointestinal inflammation. 7, 8 CD44 is a transmembrane molecule with multiple, in part poorly understood functions. [9] [10] [11] [12] The standard isoform (CD44s) is composed of products of exons 1-5 and 16-20 and is expressed by most cell types, where it regulates proliferation and apoptosis. However, numerous further isoforms of CD44 are generated by insertions of different variable regions into a single site of its extracellular domain. [9] [10] [11] [12] ten additional, that is, variant exons (v1 to v10 corresponding to exons 6 to 15 of the gene) (Supplementary Figure S1 online). In contrast to CD44s, the CD44 isoforms containing variable regions are expressed only in distinct epithelial cell types (e.g., keratinocytes), activated immune cells, and several types of cancers. [9] [10] [11] [12] Partner molecules of CD44 include hyaluronan, laminin, hepatocyte growth factor, vascular endothelial growth factor, and osteopontin (OPN). 9, 12 Many of them interact with the variant region and are involved in outside-in signaling processes. For example, the interaction between OPN and v7 on macrophages inhibits their production of IL-10. 13 Furthermore, OPN promotes T-helper type 1 (Th1) responses during chronic intestinal inflammation in mice and is significantly increased in the serum of patients with IBD, suggesting that the CD44-OPN system is deregulated in these patients. 14 To further clarify the various functions of CD44 in colitis, we have generated mice with targeted deletions of different variant exons without affecting the expression of the large remainder of this complex molecule (Supplementary Figure S1) . 8 This is important because the deletion of total CD44 may induce upregulation of compensatory molecules, such as the receptor for hyaluronan-mediated motility, CD168. 15 To investigate human IBD-like conditions, we initially used the murine model of T-cell transfer colitis as previously described by Powrie et al. 16 Here, CD4 þ CD45RB high (RB hi ) cells (naive T cells) are injected into immunodeficient mice, where they encounter antigen-presenting cells (APCs) and are primed by bacterial antigens. After their invasion into the intestinal mucosa, these cells abundantly produce cytokines, which promote chronic intestinal inflammation. The development of this disorder is prevented by cotransfer of CD4 þ CD45RB low (RB lo ) cells, specified as regulatory CD4
þ T (induced regulatory T (iTreg)) cells. 17 Since the function of APC could be impaired in immunodeficient mice used in this classic T-cell transfer colitis model, 18 we additionally developed and used a new OVA colitis model, using T-cell receptor (TCR) transgenic immunocompetent mice. In both models we found an essential cell-typespecific role of v7-containing CD44 isoforms in colonic inflammation.
RESULTS

CD44v7 deficiency of recipient mice prevents RB hi T-cell transfer colitis
To analyze the role of the CD44 variant exons v6 and v7 in T cell-dependent intestinal inflammation, we first used the classic colitis model described by Powrie et al. 16 and treated recombination-activating gene 2-deficient (Rag2 À / À ) mice, which had received RB hi T cells, with blocking antibodies against the products of these two exons. As expected, half of the controls that had not received any antibody developed colitis and died within 6 weeks or had to be killed because of weight loss exceeding 30% of the initial body weight (Figure 1a) . Also, most of the mice, which received anti-v6 treatment, did not survive for 6 weeks or had to be killed due to weight loss. However, the proportion of deaths among anti-v7 antibodytreated mice was only 10%, and remaining surviving mice kept their initial body weight. The outcome of anti-v7 antibody treatment was similar to that obtained with mice receiving Treg cells (RB lo ) in addition to RB hi cells (Figure 1a ). Since v7-containing CD44 isoforms are expressed on both lymphocytes and APC, in particular after activation, we asked which of these cell populations is decisive for disease. The very close positions of the Rag and Cd44 genes (1 cM distance) complicated the generation of doubly targeted mice; however, we finally succeeded in generating mice deficient for both Rag2 and v7 (Rag2 À / À Cd44v7 À / À ) and used them as well as Rag2 À / À mice as recipients of RB hi cells from either wild-type (Cd44 WT ) or Cd44v7 À / À mice. Surprisingly, irrespective of the origin of the T cells, Rag2
À / À recipients developed severe disease while Rag2 À / À Cd44v7 À / À remained healthy ( Figure  1b) . These data suggested a crucial role of v7 productcontaining CD44 isoforms on APC in intestinal inflammation, while the absence of v7 on T cells does not seem to have any impact in this context.
We next investigated whether additional v6 deficiency would modulate the protective effect of v7 absence. Moreover, we studied the impact of deficiency of another Cd44 variant exon, v10, whose product is present in virtually all CD44 isoforms containing variable regions. Therefore, we additionally generated 
Cd44v10
À / À transfer recipients had considerably shortened colons with a mean length of 9.5 and 8.8 cm, respectively, whereas Rag2
mice showed normal lengths with means of around 12 cm (Figure 1d) . Furthermore, histological examination of Rag2 À / À Cd44v7 À / À and Rag2 À / À Cd44v6/v7 À / À transfer recipients showed a normal colonic architecture and a minor inflammation score in comparison with Rag2 À / À Cd44 WT and Rag2 À / À Cd44v10 À / À animals ( Figure 1e,f) . In summary, specific absence of v7, but not general shortening of variable regions, protects recipient mice from RB hi transfer colitis. Moreover, an additional absence of its upstream variable exon did not alter the protective effect of v7 deficiency.
Low expression of IFN-c characterizes the colon of Cd44v7 À / À transfer recipients
We next addressed the mechanisms underlying the protection of Rag2 À / À Cd44v7 À / À mice from T-cell-dependent colitis. The pathogenetic cascade in the RB hi transfer colitis clearly includes the T-cell effector cytokine IFN-g. 16, 19 However, a harmful role of other T-cell effectors including IL-17A, IL-17F, and IL-22 in gastrointestinal inflammation was additionally postulated. 20, 21 Therefore, we characterized the expression of these T-cell effector cytokines in the colon of the four generated genotypes. The transfer of RB hi cells caused increased expression of IFN-g, IL-17A, IL-17F, and IL-22 in Rag2
À / À recipients compared with immunocompetent Rag2 þ / þ mice without transfer (Figure 2a) . However, the increase of all these cytokines was significantly less pronounced in the Rag2
Cd44v7
À / À and Rag2 À / À Cd44v6/v7 À / À transfer recipients. Unexpectedly, the expression profile of the strongly inflamed colons of Rag2 À / À Cd44v10 À / À transfer recipients did not completely follow the Rag2 À / À Cd44 WT pattern. In fact, although high IFN-g levels were found in both genotypes and clearly associated with intestinal pathology, levels of IL-17A, IL-17F, and IL-22 were actually reduced in Rag2
Cd44v10
À / À colons compared with Rag2 À / À Cd44 WT , being similar to those in Rag2 À / À Cd44v7 À / À and Rag2
Cd44v6/v7 À / À mice. Expression levels of molecules known to be regulated by IL-17 and IL-22, including the antibacterially acting S100A9 and sialomucin 1 (Muc1) 22, 23 reflected the IL-17A/F and IL-22 expression profile ( Figure  2b) , and thereby confirmed the relatively reduced biological activity of these cytokines in Rag2 À / À Cd44v10 À / À mice. Our observations indicate that, in contrast to IFN-g, the cytokines IL-17A, IL-17F, and IL-22 were not functionally involved in the development of intestinal pathology in the RB hi transfer model. (20-42/group) . Seven weeks after T-cell transfer, mice were killed and colon lengths were determined (d) (mean ± s.e.m.) and hematoxylin and eosin (H&E) staining of frozen colon sections was performed (f) (one representative section out of 7-9 mice per genotype; bar indicates 500 mm; black circle: example of an area of inflammation with loss of regular crypt structure; black arrow: immune cell infiltrates; yellow arrow: disrupted brush border; black asterisk: elongation of crypt). Histological scores ranging from 0 (no changes) to 6 (extensive cell infiltration and tissue damage) were determined (e). Data from 7-9 mice per group are shown as mean±s.e.m.). Results of one out of four to seven independent experiments are shown in (a-d). Statistical significance of deviations is shown between control group (black filled circle) vs. white/light gray-filled square groups only, as indicated. *Pr0.05; **Pr0.01; ***Pr0.001 (Mann-Whitney U-test, two-tailed). NS, not significant.
Absence of colitis in Cd44v7
À / À transfer recipients is not based on local absence of Th1 cells Next, we investigated potential causes for the different expression of the T-cell effector cytokines in the colon of the four genotypes after RB hi transfer, considering different possibilities. At this, we initially found that colonic CD4 þ T-cell counts were similar in all groups of recipients ( Figure  3a,b) . We then asked for the functional composition of Th cells and quantified the expression of transcription factors associated with individual effector Th-cell subsets. Surprisingly, the expression levels of T-bet, RORgt, and GATA3 were not reduced in the colon of Rag2
Cd44v7
À / À transfer recipients compared with Rag2
Cd44
WT recipients but even significantly increased in the case of T-bet and RORgt (Figure 3c ). The abundance of T-bet argued against a reduced Th1-cell presence as the mechanism underlying the low colonic IFN-g production in Cd44v7
À / À transfer recipients, and instead suggested an impaired activity of Th1 cells.
Colons of Cd44v7
À / À transfer recipients contain high numbers of Treg cells and low levels of Th1-and Th17-activating cytokines
The elevated RORgt levels in colons of Rag2
transfer recipients prompted us to investigate the actual expression of transcription factors among T-cell populations.
For that purpose, Th1, Th2, Th17, and iTreg cells were generated from murine naive CD4 þ T cells by activation via TCR and CD28 under Th cell-specific polarizing conditions (Supplementary Table S1 ). As demonstrated in Figure 4a , not only Th17 cells but also iTreg cells expressed substantial RORgt levels, whereby iTreg cells additionally and nearly exclusively expressed Foxp3 (Figure 4a ). Furthermore, investigating the generation of iTreg cells in the presence of LE540, a chemical antagonist of retinoic acid receptor (RAR), we confirmed the importance of retinoic acid (RA) for the development of iTreg ( Figure 4b ). When analyzing the number of Foxp3 þ T cells in the colons of all four mouse genotypes after transfer, significantly higher numbers of Treg cells (B10-fold increase) were detected in Rag2
We next investigated the cause of the high iTreg-cell numbers in Rag2
À / À Cd44v7 À / À transfer animals. The development of these cells is dependent on the presence of TGF-b in the simultaneous absence of interleukin-6 (IL-6). In fact, TGF-b upregulates RORgt expression, 24 and-together with its cofactor RA-also induces Foxp3 expression and the suppressive activity of Treg cells. 25 In contrast, IL-6 and IL-27, via signal transducer and activator of transcription 3 (STAT3), counteract Foxp3 expression. 26 In line with the IL-6 absence as prerequisite for the elevated presence of iTreg cells, we found significantly lower levels of IL-6 in the colon of Rag2 Figure 5a ). Moreover, only marginal levels of IL-27 were detected in Rag2
transfer recipients ( Figure 5a ). According to the reduced presence of STAT3-activating IL-6 and IL-27, we found considerable lower numbers of phospho-STAT3-containing lymphocytes in the colonic infiltrates from Rag2 
and Rag2
À / À Cd44v10 À / À mice were injected intraperitoneally (i.p.) with 4 Â 10 5 RB hi cells of Cd44 WT origin and killed 7 weeks after T-cell transfer.
and Cd44v10
À / À mice were used as controls. Colon gene expression was analyzed by quantitative PCR (qPCR). Data from five to seven mice per genotype (mean ± s.e.m.) are given as relative to hypoxanthine phosphoribosyltransferase (HPRT) expression. *Pr0.05; **Pr0.01; ***Pr0.001 (Mann-Whitney U-test, two-tailed). Since iTreg are not only able to directly inhibit the activation of T cells but also to counteract the cytokine production by APCs, we next analyzed the colonic expression of APC cytokines known to induce T-cell effector cytokines, namely IL-12, IL-1b, and IL-23, in the colons of all four genotypes of mice after transfer. While in Rag2 À / À Cd44 WT and Rag2
mice the colonic expression of IL-12p35 and IL-1b was increased compared with immunocompetent Rag2 þ / þ control mice, this increase was suppressed in Rag2 Figure 5f ). In summary, our data suggest the following cascade underlying the protection from colitis in Cd44v7 À / À transfer recipients: a deficient local production of STAT3-activating IL-6 and IL-27 leads to an increased colonic presence of iTreg cells that both directly and via inhibition of the APC's production of IL-12 and IL-1b causes locally reduced production of Th1 effector cytokines.
CD44v7 on macrophages is essential for OVA antigenspecific colitis
To exclude confounding effects due to the immunodeficiency in Rag2 À / À Cd44v7 À / À mice, we confirmed and mechanistically extended our findings in a newly, self-developed model of T-cell-dependent intestinal inflammation, namely OVA antigen-specific colitis. For this purpose, Th1 cells from OVAspecific TCR-transgenic mice (DO11.10, designated as OVA-TCR tg ) with and without Cd44v7 deletion were transferred into immunocompetent Cd44
WT and Cd44v7 À / À recipients. T-cell activation was induced by subsequent intrarectal OVA application. Bovine serum albumin (BSA) challenge served as a control. As a prerequisite for further analyses, we firstly ensured that OVA-fluorescein isothiocyanate (FITC) was taken up by mucosal APC (especially by macrophages) and that this uptake was independent of the presence or absence of CD44v7 expression ( Figure 6a ) and that OVA-TCR tg Cd44 WT Th1 cells induced strong colitis in Cd44
WT transfer recipients ( Figure  6b) . Furthermore, we showed that despite intraperitoneal application of the transfer T cells, antigen-specific T-cell proliferation seemed to be preferentially restricted to the lamina propria in the gut of Cd44
WT transfer recipients as it did not occur in the mesenteric lymph nodes (Figure 6c ). This demonstrates that the OVA antigen-specific colitis is an appropriate model for moderate IBD, which is devoid of severe systemic involvement.
In concordance with our data from the RB hi T-cell transfer colitis model, we found that both OVA-TCR tg
Cd44
WT and OVA-TCR tg Cd44v7 À / À T cells efficiently induced colitis in Cd44 WT mice, but not in Cd44v7 is decisive for intestinal inflammation, we then transferred the OVA-specific Th1 cells together with a small number of macrophages of Cd44
WT origin (2% of total) into Cd44v7
recipients. As demonstrated in Figure 6e ,f, this macrophage addition was sufficient to induce severe colitis in the Cd44v7 À / À recipients, with histology similar to that observed in the Cd44
WT recipients (Figure 6f ).
Cd44v7
À / À macrophages induce Foxp3 expression in T cells both in vivo and in vitro Based on our hypothesis of the relationship between macrophage CD44v7 expression and iTreg absence as the decisive factor for intestinal inflammation, we analyzed iTreg numbers and inflammation in OVA antigen-specific colitis. Indeed, the proportion of Foxp3 þ T cells was approximately five times higher in the lamina propria of OVA-challenged Cd44v7
WT transfer recipients ( Figure   7a ). More conclusively, the cotransfer of Cd44 WT macrophages significantly prevented this Foxp3 þ T-cell increase of Cd44v7 À / À recipients ( Figure 7a ) and led to mucosal inflammation (Figure 6e,f) .
Finally, we isolated OVA-specific T cells from OVA-TCR À / À macrophages clearly did ( Figure  7b ). These data suggest that CD44v7 expression on macrophages prevents iTreg development and induces T-cell-dependent gut inflammation.
Human monocytic cells strongly express CD44v7
The last part of our study focused on the translational aspect of our work. First, we quantified the expression of CD44s, total Figure 8a ,b clear and comparable expressions of CD44s were detected in all cell types. However, CD44v7 was very strongly expressed by monocytes/macrophages, whereas only moderate and 1,000-times lower expression was detected in dendritic cells (DCs) and T cells, respectively. Then, we generated Th1, Th2, Th17, and iTreg cells from human naive CD4 þ T cells by activation via TCR and CD28 under specific polarizing conditions (Supplementary Table S2 ) and could show that the transcription factor pattern in murine and human T-cell sub-populations was very similar (Figure 8c) . In addition to their strong specific Foxp3 expression, human iTreg cells also demonstrated marked RORgt expression.
The CD44 ligand OPN promotes IL-6-dominated inflammation and is associated with human IBD Since the production of IL-6, via regulating local iTreg cell numbers, seems to be a decisive event in the pathogenetic axis of murine T-cell-dependent intestinal inflammation, we investigated whether there is also a relationship between CD44v7 and cytokines that modulate T-cell subsets in human IBD.
Thus, we analyzed the blood of patients suffering from Crohn's disease and from healthy control individuals. As shown in Figure 9a , there were significantly elevated levels of both OPN and IL-6 in the blood of Crohn's disease patients compared with healthy donors, whereas IL-1b and IL-12 levels were not increased. The quantification of samples from additional healthy individuals, a further Crohn's disease patient cohort, and psoriasis patients selected as they also show inflammation at an outer body barrier, emphasized again the strong significance level of the differences between Crohn's disease patients and healthy participants regarding OPN and IL-6 blood concentrations (Figure 9b) . The reanalysis of these samples using a different enzyme-linked immunosorbent assay (ELISA) system that detects free as well as bound forms of IL-6 protein confirmed this finding (Supplementary Figure S3) . Interestingly, the OPN and IL-6 blood levels of psoriasis patients were similar to the concentrations of healthy donors. This demonstrates that levels of these cytokines are not generally elevated upon inflammation but their increase appears to be specific for Crohn's disease. Furthermore, we observed a positive association between the blood levels of OPN and IL-6 in these samples, suggesting a direct relationship between these molecules (Supplementary Figure S4) . Subsequent in vitro experiments using human peripheral blood mononuclear cells (PBMCs) disclosed that OPN at levels observed in the blood of Crohn's disease patients substantially increased IL-6 production ( Figure 9c) . The absence or minimal induction of IL-12 and IL-1b by OPN in human immune cells suggested that in mice the decreased levels of these cytokines in healthy Cd44v7
À / À transfer recipients were not caused by absence of OPN-Cd44v7 interaction but rather by elevated iTreg cells. By comparing the response of different PBMC populations towards OPN stimulation, we revealed that IL-6 production was present in monocyte cultures, whereas it was virtually absent from the OPN-stimulated memory T cells (Figure 9d) . This was in line with the observed high and very low CD44v7 expression in monocytic cells and T-cell subpopulations, respectively (Figure 8a,b) .
The relative deficiency of IL-10 in Crohn' disease patients has been suggested to strengthen the inflammation and contribute to chronification of the immune processes. Interestingly, the presence of neutralizing anti-IL-10 antibodies (mimics the relative IL-10 deficiency in Crohn's disease patients) clearly strengthened the OPN-induced IL-6 production (Figure 9e) , likely to be due to blockade of membrane-bound IL-10 molecules. 27 Importantly, OPN-induced IL-6 production by monocytic cells was identified to depend on the interaction of OPN with the product of variant exon v7 of the CD44 molecule. In fact, preincubation of OPN with a recombinant CD44v7 peptide actually reduced OPN-induced IL-6 production from monocytes by nearly B74%. (Figure 9f) .
Additionally, we investigated the relationship of blood OPN levels with disease duration for Crohn's disease patients. Importantly, these parameters did not correlate (Figure 9g) , suggesting that elevated OPN levels in these patients are not the consequence of chronic inflammation. Moreover, in line with the known role of TNF-a as a driver of OPN production, 28 we observed striking lower blood levels of OPN in patients treated with TNF-a-blocking agents compared to those treated with classical antimetabolites (Figure 9h) , which was paralleled by a trend for better therapy response in the group treated with Figure 5 Elevated induced regulatory T (iTreg) presence in the colon of healthy Rag2 À / À Cd44v7 À / À transfer recipients is accompanied by low abundance of Foxp3-counteracting cytokines and their signaling events as well as low levels of T-helper type 1 (Th1)-and Th17-activating cytokines. À / À mice as well as of Rag2 À / À Cd44 WT and Rag2 À / À Cd44v10 À / À transfer recipients were tested for correlation with the expression of cytokines by Spearman's rank correlation analysis (two-tailed, ***Pr0.001
À / À , and Cd44v10 À / À mice were used as controls. Data from five to seven mice per genotype (mean±s.e.m.) are given as relative to HPRT expression. **Pr0.01; ***Pr0.001 (Mann-Whitney U-test, two-tailed). WT and Cd44v7 À / À recipients were injected intraperitoneally (i.p.) with 1 Â 10 7 T-helper type 1 (Th1) cells derived from OVA-TCR tg Cd44 WT and OVA-TCR tg Cd44v7 À / À mice. Forty milligrams of OVA protein or bovine serum albumin (BSA) (control) were applied intrarectally at days 1 and 4, and colons, lamina propria, and mesenteric lymph nodes were prepared at day 7. (b) Hematoxylin and eosin (H&E) staining of frozen colon sections was performed (one representative section out of three to five OVA-injected mice per group is shown; bar ¼ 500 mm). TNF-a blockers (aTNF-a, Crohn's disease activity index: 248.3 ± 24.7; antimetabolites, Crohn's disease activity index: 349.5 ± 40.5; P ¼ 0.063).
DISCUSSION
We demonstrate that the deletion of a single variant exon, namely v7, in the Cd44 gene of recipient animals leads to strongly reduced intestinal inflammation in T-cell-dependent colitis. This is probably the consequence of elevated numbers of iTreg cells and diminished expression of Th1-cell effector cytokines in the colon of these mice. Remarkably, cotransfer of a small number of Cd44
WT macrophages together with the T cells prevented the increase in iTreg cells and evoked colon inflammation in the Cd44v7 À / À recipients. Matching our in vivo data, induction of lymphocyte Foxp3 was triggered by v7 À / À macrophages, but not by Cd44 WT macrophages in vitro. Our present data and the recent discoveries from other working groups suggest the following initial step of a respective cascade: during inflammation, the interaction between OPN and v7-containing CD44 isoforms expressed on monocytic cells enhances IL-6 secretion. In fact, we observed (i) elevated OPN blood levels in Crohn's disease patients, (ii) strong CD44v7 expression in monocytic cells but not in T-cell subpopulations, and (iii) a substantial OPN-induced production of IL-6 by monocytic cells but not by T-cell sub-populations. Furthermore, it has been shown that this small part of the CD44 molecule (v7 with 42 amino acids) is important for OPN binding of respective CD44 isoforms 29 and we observed CD44v7 dependence of OPN-induced IL-6 production by monocytic cells. Accordantly, we detected B30 and 10 times increased IL-6 and IL-27 levels, respectively, in the colon mucosa of Cd44
WT compared withCd44v7 À / À transfer recipients. IL-6 and IL-27 exert their effects through activation of STAT3. 26, 30 Concordantly, we found approximately four times lower number of lymphocytes containing phosphorylated STAT3 in the mucosal infiltrates of Cd44v7 À / À mice in comparison with Cd44
WT transfer recipients. Activation of STAT3 in T cells inhibits their development into iTreg cells. 31 Consistently, both IL-6 (ref. 32 ) and IL-27 (ref. 33 ) suppress Foxp3 þ induction in T cells and prevent iTreg cell development. This effect is functionally relevant since the absence of each of these cytokines reduces colonic inflammation in a T-cell transfer colitis model. [33] [34] [35] These findings are fully coherent with our data showing significantly higher numbers (B5-fold) of Foxp3 þ T cells in the lamina propria of Cd44v7
compared with Cd44 WT transfer recipients and found no signs of inflammation in Cd44v7 À / À mice. The strong colonic presence of iTreg cells in Cd44v7 À / À transfer recipients might have led to the reduced production of T-cell-activating cytokines. The absence of these mediators and the presence of iTreg cells in turn seem to be the cause for the diminished expression of IFN-g by T cells in the lamina propria. Finally, the presence (in Cd44 WT mice) and absence (in Cd44v7 À / À mice) of IFN-g determines a distinct intestinal pathology, as strongly supported by studies of Powrie et al. 16 as well as Ito and Fathman, 19 who demonstrated ameliorated colitis in the CD45RB hi T-cell transfer model when recipient mice were treated with IFN-g-neutralizing antibodies or the transferred CD45RB hi T cells were isolated from IFN-g-deficient mice. The proposed cascade described above comprising CD44v7, OPN, IL-10, IL-6/IL-27, STAT3, Foxp3, iTreg cells, IL-12, IL-1b, and IFN-g is very probably deregulated in patients with active Crohn's disease and hence has clinical importance. In such patients, we detected increased OPN serum concentrations as mentioned above, and these correlated with clinical disease activity.
14 Interestingly, patients suffering from psoriasis, another common chronic inflammatory disease, did not have elevated blood OPN levels. In Crohn's disease patients, blood OPN levels did not correlate with the duration of the disease, suggesting that the OPN increase in these patients is not associated with chronification of the inflammation. Instead, these facts propose the CD44v7/OPN cascade as being a rather basic alteration in Crohn's disease. Moreover, lower blood OPN levels were observed in Crohn's disease patients treated with TNF-a-blocking agents compared to those treated with classical antimetabolites supporting the known role of TNF-a as a driver of OPN production. 28 Additionally, this suggests that the CD44v7/OPN cascade is not normalized upon classical treatments. This is in line with the clinical observation in patients with active disease that symptoms rapidly reoccur after stop of antimetabolite application. Furthermore, we WT and Cd44v7 À / À mice, were cocultured at a ratio of 1:3, stimulated with anti-CD3 coated on the culture vessel and restimulated with OVA peptide (5 mg/ml) or BSA (control) as indicated for 6 days. Foxp3 gene expression was analyzed relative to mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression by quantitative PCR (qPCR). Data from five to six independent experiments (mean±s.e.m.) are given as the fold difference to BSA-treated group. **Pr0.01; ***Pr0.001 (Mann-Whitney U-test, two-tailed).
demonstrated that OPN at concentrations similar to those found in Crohn's disease patients induced CD44v7-dependent secretion of IL-6 by human monocytic cells, putting both molecules in a direct relationship within the cascade described above. Moreover, colonic levels of IL-6, IL-12, and IFN-g were also shown to be elevated in patients. 36 The high local production of IL-6 even results in elevated amounts of this cytokine in the bloodstream as we demonstrated. Furthermore, Crohn's disease patients exhibit a relative deficiency of IL-10, TGF-b, and Treg cells. 37, 38 Accordingly, we observed in vitro that IL-10 neutralization increased the OPN-induced IL-6 production by monocytes. Finally, genome-wide association studies identified single-nucleotide polymorphisms in the STAT3 locus as one of the Crohn's disease susceptibility regions. 39, 40 Nevertheless, we would like to mention that the association between IL-6 deficiency and iTreg cells abundance may not be the only reasons for the effect of CD44v7 deficiency. It might be possible that CD44v7 À / À macrophages exert inhibitory effects on effector T cells independent of iTreg cells by, e.g., reduced IL-1b/IL-12 production and/or elevated secretion of inhibitory IL-10.
Another Cd44 genomic region targeted in our study was the variant exon v10 that represents an internal study control because it is expressed in virtually all CD44 isoforms that contain variant regions. In contrast to CD44v7 À / À recipients, CD44v10 À / À mice became as severely ill as the Cd44 WT mice.
CD44v10
À / À transfer recipients showed high IL-6 and IL-27 expression, abundant STAT3 activation, small iTreg cell
CD44v7 CD44s
Th1 Th2 Th17 iTreg Th1 Th2 Th17 iTreg mRNA, relative to HPRT numbers, high IL-12 and IFN-g levels, and strong inflammation in their colons. This also supports the idea that these changes are key events in the development of the pathology in T-cell-dependent intestinal inflammation. Interestingly, in contrast to diseased Cd44
WT but similar to healthy CD44v7 À / À , we detected very low levels of IL-17A, IL-17F, and IL-22 in colons of CD44v10 À / À transfer recipients. This might imply that these mediators do not play a key role in the maintenance of colitis. The discovery from the Mizoguchi group and our own work of the protective role of IL-22 in colitis 22, 41 even suggests that the lower IL-22 expression in CD44v10 À / À compared to Cd44
WT was actually the cause why CD44v10 À / À mice were as severely ill as the Cd44 WT mice. Interestingly, the deletion of CD44v7 in transferred T cells neither abrogated intestinal inflammation in RB hi T-cell transfer colitis nor in OVA antigen-specific colitis. This means that the prevention of v7-involving CD44 signaling in lymphocytes, known to provoke in some situations elevated activation-induced cell death rates by downregulation of antiapoptotic Bcl-2 and Bcl-xL, [42] [43] [44] is incapable of abrogating Crohn's disease patients (cohort 1 and 2) was analyzed by ELISA. Individual OPN concentrations were tested for correlation with disease duration of patients by Spearman's rank correlation analysis. No significant correlation was detected. (h) OPN levels detected by ELISA in the blood plasma of Crohn's disease patients (from cohort 1 and 2) treated with either anti-metabolites (methotrexate, mercaptopurine, azathioprine; seven patients) or anti-TNF-a drug (adalimumab, infliximab; six patients) are plotted as mean ± s.e.m. Testing for possible significant differences between the groups was carried out by the Mann-Whitney U-test (two-tailed) (a, b, and h) or Wilcoxon's test (two-tailed) (c-f), respectively (*Pr0.05; **Pr0.01; ***Pr0.001).
the intestinal inflammation in these two mouse models in vivo.
In summary, our data from two T-cell-dependent colon inflammation models show that the expression of v7-containing CD44 isoforms on macrophages, but not on T cells, is essential for provoking chronic colitis in mice. By suggesting the mechanism underlying CD44v7-dependent gastrointestinal inflammation, our study not only provides novel insight into its pathogenetic cascade but also hints to novel therapeutic strategies. In fact, we suggest CD44v7 as a primary target molecule whose inhibition might be more effective than, e.g., IL-6 targeting. Actually, the blockade of IL-6 activity via application of anti-IL-6R antibody (tocilizumab) and anti-IL-6 antibody (PF-04236921) showed only limited clinical response in Crohn's disease patients. 45, 46 This might be due to the heterogeneity of IL-6 effects in colitis. In fact, IL-6 is pathogenetic due to its ability to inhibit iTreg development/ function and to enhance the generation/activation of pathogenetic effector T cells. At the same time, however, IL-6 can act on epithelial cells, inducing antiapoptotic proteins such as Bclx(L) and Bcl-3, protecting them from apoptosis, and promoting their survival. 47, 48 Thus, it is not surprising that the inhibition of both IL-6 actions has only limited clinical effect. In contrast, CD44v7 targeting might reduce IL-6 production specifically by APC during their interaction with T cells and positively change the proportion between iTreg and pathogenetic effector T cells. On the other hand, the IL-6 production by other cells like IL-1b-activated fibroblasts and the resulting protective action on epithelial cells might be untouched. Furthermore, the OPNCD44v7 interaction altered not only the IL-6 production. In fact, the engagement of CD44v7 on macrophages by OPN was also shown to inhibit the IL-10 production. 13 Consequently, a CD44v7-directed therapy is expected to be associated with a greater effectiveness and long-term clinical improvement compared with direct blockade of IL-6 activity. À / À DO11.10 doubly targeted mice were generated. Mice were housed under SPF conditions in the animal facilities of the Basel University, Switzerland and of the Charité Berlin, Germany. All experiments were performed with age-matched animals in accordance with institutional, state, and federal guidelines.
Patients and healthy control donors. Blood plasma and serum were obtained from patients suffering from Crohn's disease (Supplementary Table S3 ) and matched psoriasis patients and control participants. For the in vitro study with PBMCs, blood plasma from an independent healthy cohort was obtained. Study protocols were approved by the institutional review boards of the Interdisciplinary Crohn Colitis Center, Minden/OWL (Crohn's disease patients) and Charité University Medicine Berlin (healthy donors and psoriasis patients).
Cell culture. Coculture of Cd44 WT -derived Th1 cells (generated as described above) and Mf isolated from spleen and lymph nodes of OVA-TCR tg Cd44 WT and OVA-TCR tg Cd44v7 À / À mice in a ratio of 1:3 was performed in the presence of anti-CD3 mAbs (3 mg/ml, clone 2C11; BD) coated on the culture vessel and with OVA peptide or BSA (control) (each at 5 mg/ml) for 6 days.
Human PBMCs from healthy donors were isolated by density gradient centrifugation using Ficoll separation solution (Biochrom AG) and LeucoSep tubes (Greiner, Frickenhausen, Germany). To study the OPN pathway in human immune cells and human PBMCs, as well as monocytes and memory T cells, isolated, therefore, by magnetic cell sorting (Miltenyi Biotec, Bergisch Gladbach, Germany) were cultured in RPMI medium (Biochrom) supplemented by 2 mM L-glutamine and 10% fetal calf serum (both from Biochrom) in the presence of 0, 50, and 200 ng/ml OPN (Peprotech EC) for 48 h and cell culture supernatants were recovered. Additionally, monocytes and memory T cells were cultured in the presence of anti-IL-10 mAbs (clone CB/RS2), 50 IgG (isotype control), or CD44v7 peptide (manufactured as described above; OPN-CD44v7 peptide ratio 1:10) during OPN stimulation for 48 h. Before cell stimulation, OPN was preincubated with CD44v7 peptide for 4 h at 37 1C.
For expression analysis of transcription factors, murine CD25 À CD4 þ CD62L high naïve T cells were isolated from erythrocytes depleted from the spleen (lysis solution: 10 mM KHCO 3 , 155 mM NH 4 CL, 0.1 mM EDTA, pH 7.5) and lymph nodes of C57/BL6 mice by staining with FITC-coupled CD4 and APC-coupled CD25 mAbs (BD Pharmingen, Heidelberg, Germany), followed by magnetic cell sorting using the AutoMACS System, anti-APC microbeads, anti-FITC MultiSort Kit, and anti-CD62L microbeads (all from Miltenyi Biotec). Polarization of isolated murine naïve CD4 T cells was achieved by culturing the cells for 3 days in anti-CD3 (4 mg/ml)/anti-CD28 (3 mg/ml) mAb-(produced in-house; German Rheumatism Research Center, Berlin, Germany) coated culture plates (Nunc; Thermo Fisher Scientific, Schwerte, Germany) in the presence of Th-subset-polarizing conditions ( Supplementary Table S1 ). Subsequently, cells were recultured for further 24 h in the presence of Th-subtypepolarizing conditions (see above) in the absence of CD3/CD28 antibodies. In a further setting iTregs were treated during their differentiation with 1 mM LE540, a chemical pan-RAR antagonist (Wako Pure Chemical Industries, Osaka, Japan).
To compare transcription factor expression level in human Th cell subtypes, naïve CD4 þ T cells were isolated from the PBMC using the ''Naïve CD4 þ T-cell Isolation /Kit II'' (Miltenyi Biotec). Obtained purities of CD4 þ CD45RA þ cells were 95.9 ± 0.9%. Cells were stimulated for 8 days by anti-CD3/anti-CD28 antibody-coated Dynabeads (Invitrogen, Life Technologies, Darmstadt, Germany) in the presence of Th-subset-polarizing conditions (Supplementary Table S2 ) as described previously. 51 Histology and immunohistology. Histological scoring of segments of the distal, transverse, and proximal colon was performed using a previously established score reference for the transfer model and an adapted score for the OVA-specific colitis. The latter is a score of 0-4 for epithelial loss and inflammatory infiltration (0: no changes; 1: isolated cell infiltrates within the mucosa; 2: diffuse cell infiltrates within mucosa and submucosa, mild epithelial hyperplasia; 3: cell infiltrates within mucosa, submucosa, and transmural epithelial hyperplasia; 4: severe inflammation, loss of crypts, ulceration, severe epithelial hyperplasia). For immunohistological analysis, fixed sections (5 mm) were stained with the following antibodies: anti-CD4 (clone RM4-5; BD Pharmingen), anti-Foxp3 (clone FJK-16s; eBioscience, NatuTec, Frankfurt, Germany), anti-pSTAT3 (Tyr705) (clone D3A7; Cell Signaling, Danvers, MA), and corresponding isotype-matched antibodies (rabbit IgG and rat IgG2a; BD Pharmingen). The used secondary antibodies were goat anti-rabbit IgG (Vectastain ABC Kit, Reactolab, Servion, Switzerland) or goat anti-rat IgG H&L (Southern Biotech; Birmingham, AL, 3010-08). For visualization the ABC System (Vectastain ABC Kit) with AEC was chosen. Numerical analyses of colon sections were performed by counting 15-36 fields at a final magnification of Â 200 (Foxp3; 1.33 mm 2 ) or by evaluating positive cells/1,000 lymphocytes (pSTAT3).
SUPPLEMENTARY MATERIAL is linked to the online version of the paper at http://www.nature.com/mi
